Abstract: Garnet tailings obtained in large quantities from molybdenum ore beneficiation are regarded as industrial waste, which not only occupies large areas of land but also causes environmental issues and ecological fines. Preparing garnet tailings based geopolymers (GTGs) is one of the efficient methods to recycle and utilize garnet mine tailings. In this work, geopolymers were synthesized using garnet tailing (GT) and metakaolin (MK) as the main precursors and sodium silicate as the alkali-activation agent. The effect of MK and alkali activator dosage, as well as curing temperature on the compression strength of GTGs were analyzed in detail. Results showed that the maximum strength (46 MPa, 3 days) was reached at a 20 wt % MK dosage with 35% sodium silicate addition cured at room temperature. The microstructure and phase composition of GTGs were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR), which confirmed the formation of an amorphous geopolymer gel. Lastly, it can be concluded that the garnet tailing is a promising material for geopolymer production, as an alternative for its utilization.
Introduction
Mine tailing is mineral waste produced by the beneficiation process of ore (washing and flotation). A series of problems appear from the storage and disposal of mine tailing, such as the occupation of large areas of land, contamination of surface and underground water by toxic metal leachates, as well as air pollution due to dust emissions [1] [2] [3] [4] . Large quantities of mine tailings were produced during the last few decades in China, due to the rapid development of the mining industry. These tailings become a major concern in the mining industry. In current practice, the most common method to manage them is disposal in landfills, which requires costly construction and maintenance [5] [6] [7] [8] [9] . That is why cost-effective and sustainable alternatives are urgently required.
Geopolymers are a new type of aluminosilicates with a three-dimensional (3D) amorphous or semi-crystalline micro-structure, which exhibit several important properties such as excellent mechanical properties, chemical and thermal stabilities, low cost and are environmentally friendly due to the low CO 2 emission during preparation process [10] [11] [12] [13] [14] . These characteristics mentioned above make geopolymers have a potential application in construction materials, thermal insulator and surface capping. In general, geopolymers are produced by mixing an aluminosilicate reactive material such as metakaolin or fly ash (FA) with strong alkali solutions at room or slightly higher temperatures. After mixing, the alkali activator dissolves the solid aluminosilicate source and aluminate and silicate monomers are formed which immediately undergo a polycondensation reaction to a dissolved
Materials and Methods

Raw Materials
The studied GT was obtained in the form of dry powder from a molybdenum mine in Luanchuan, China. The chemical composition of the GT is largely composed of SiO 2 (44.28%), Al 2 O 3 (5.57%), Fe 2 O 3 (13.82%), and CaO (30.26%), along with some trace elements, as shown in Table 1 . The morphological and mineralogical characterization of the raw materials (MK and GT) are shown in Figures 1 and 2 . It can be observed from Figure 1 that the mineral composition of the garnet tailing is quartz, calcite, calcium aluminum garnet phase, iron aluminum garnet and calcium iron garnet, while the only crystalline phase in metakaolin is a small amount of quartz. From the SEM images in Figure 2 , the garnet is composed of lots of small sheet-shape particles with many pores on the surface, while the metakaolin exhibits relatively large sheet-like particles. A commercial metakaolin (MK) was used to adjust the Si/Al ratio of raw materials due to the relatively low content of Al in GT. The chemical composition of MK is also given in Table 1 . 
Geopolymer Synthesis
Geopolymers were produced using GT as the main raw material mixed with 0, 10, 20, 30, and 100 wt % of MK with respect to the mass of the total solid, and activated by sodium silicate solution with a modulus of 1.5. The MK was obtained by calcining kaolin from Guangdong province, China, calcined at 800 • C for 6 h in a muffle furnace, and cooled naturally in the furnace to room temperature. A sodium silicate solution purchased from Zhongfa company in Guangdong province, China was used as alkali activator. The molar ratio SiO 2 to Na 2 O of the sodium silicate solution was adjusted by sodium hydroxide (Sigma Aldrich, St. Louis, MO, USA, minimum purity 98%) from 3.1 to 1.5. The GT samples with 0, 10, 20, 30 and 100 wt % MK in the synthesis process were named as GTGs-0, GTGs-1, GTGs-2, GTGs-3 and GTGs-4, respectively. The details of the amount of the raw materials are listed in Table 2 . Typically, GT and MK were mixed together for 10 min, and then a sodium silicate solution was added, followed by another 10 min of mixing. The mixtures were cast in cubic PVC molds (50 mm × 50 mm × 50 mm) and shaken for 5 min to remove the air bubbles in the paste. After that, the molds were placed to cure at different temperatures for different duration days. Here, the effects of the dosage of MK, the amount of sodium silicate and the curing temperature on the compressive strength of geopolymer have been studied in detail. 
Characterization
The compressive strength tests of products produced at various conditions were conducted by an EHC-1300 mechanical tester from Xingao Technology, Gaoyao City, Guangdong, China. For each test, five cubic samples were tested with the experimental values being averaged. The phase compositions, micro/nanostructure and morphology of raw mineral materials and geopolymer samples were characterized using X-ray diffraction collected from 10 • to 70 • , 2 • /min (XRD, Bruker AXS D8 Advance (Bruker, Billerica, MA, USA), CuKα-radiation produced at 40 KV and 40 mA, λ = 1.540598 Å), field-emission scanning electron microscopy operating at an accelerating voltage of 10 kV (SU8010, FESEM, Hitachi, Tokyo, Japan,) and Fourier-transform infrared (FTIR, Nexus 670, Thermo Nicolet, MA, USA) spectroscopy with wavelengths from 600 to 4000 cm −1 , respectively.
To determine the total contents of active Al 2 O 3 and SiO 2 in the raw materials GT and MK, alkaline leaching tests were conducted in a 5 M sodium hydroxide solution, with a solid/liquid mass ratio of 1:100, in a rotary agitator at 25 ± 2 • C for 18 h. After the leaching tests, samples were filtered through 0.45 µm filter membranes, and then the concentrations of Al and Si in the filtrates were determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using Optima8300DV (Perkin Elmer, Waltham, MA, USA) [35] . The dissolution efficiencies of Al 2 O 3 and SiO 2 in alkaline leaching tests were calculated using Equation (1) 
Results
Transformations of Soluble Al and Si
The dissolution of Al and Si components from the raw materials GT and MK were measured by the solubility test in a 5 M NaOH solution, as shown in Figure 3 . Obviously, the MK solubility in sodium hydroxide solution is much higher than that of GT dissolution, which is attributed to the heat treatment of MK at 800 • C. The dissolution efficiencies of Al 2 O 3 and SiO 2 in the MK are more than 70% and 50%, respectively. The high solubility of MK is due to its amorphous characteristic. However, the dissolution efficiencies of Al 2 O 3 and SiO 2 in GT are all below 2%, which is consistent with the low compressive strength of GTGs-0 in the early stage. From this result, it can be known that garnet is an inert material and unreactive in alkaline. Therefore, it is necessary to increase the reactivity of GT by adding a certain amount of high activity MK in the process of geopolymer synthesis.
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Compressive Strength Test
The influence of the MK dosage, the amount of sodium silicate addition and curing temperature on the compressive strength of GTGs were investigated, as shown in Figure 4 . The compressive strength of GTGs containing MK at 10, 20 and 30 wt % cured for 3 days at 60 °C with 30% sodium silicate addition is presented in Figure 4a . As a reference, the compressive strength of geopolymers prepared by pure GT and MK were also tested. Obviously, a less than 2 MPa compressive strength was achieved for the GTGs-0 without the addition of MK, indicating that the strength of GTGs was not developed at the early stages without the help of MK [36] [37] [38] [39] [40] [41] . When MK is added, the compressive strength of GTGs increases first and then decreases with the increase of MK content. When the MK content increases from 0 to 20%, the compressive strength of GTGs significantly increases, because of that the high activity of MK greatly enhances the geopolymerization degree of GTGs. While there has been a decline in compressive strength of GTGs when the MK dosage increases from 20% to 30%, this is because that the amount of active Al and Si components in the GTGs-2 sample reaches the optimal ratio. When the amount of MK continues to increase, the ratio of silicon to aluminum in the sample is unbalanced, resulting in a decrease of the reaction degree and compressive strength of GTGs. Figure 4b shows the compressive strength of GTGs-2 with 20%, 25%, 30%, 35%, 40% sodium silicate addition after 3 days curing at 60 °C, respectively. As seen with an increase in the sodium silicate addition, the compressive strength of the samples increases first and then decreases. The maximum strength 36 MPa is achieved with 35% sodium silicate. 
The influence of the MK dosage, the amount of sodium silicate addition and curing temperature on the compressive strength of GTGs were investigated, as shown in Figure 4 . The compressive strength of GTGs containing MK at 10, 20 and 30 wt % cured for 3 days at 60 • C with 30% sodium silicate addition is presented in Figure 4a . As a reference, the compressive strength of geopolymers prepared by pure GT and MK were also tested. Obviously, a less than 2 MPa compressive strength was achieved for the GTGs-0 without the addition of MK, indicating that the strength of GTGs was not developed at the early stages without the help of MK [36] [37] [38] [39] [40] [41] . When MK is added, the compressive strength of GTGs increases first and then decreases with the increase of MK content. When the MK content increases from 0 to 20%, the compressive strength of GTGs significantly increases, because of that the high activity of MK greatly enhances the geopolymerization degree of GTGs. While there has been a decline in compressive strength of GTGs when the MK dosage increases from 20% to 30%, this is because that the amount of active Al and Si components in the GTGs-2 sample reaches the optimal ratio. When the amount of MK continues to increase, the ratio of silicon to aluminum in the sample is unbalanced, resulting in a decrease of the reaction degree and compressive strength of GTGs. Figure 4b shows the compressive strength of GTGs-2 with 20%, 25%, 30%, 35%, 40% sodium silicate addition after 3 days curing at 60 • C, respectively. As seen with an increase in the sodium silicate addition, the compressive strength of the samples increases first and then decreases. The maximum strength 36 MPa is achieved with 35% sodium silicate. During the geopolymerization reaction, one of the most important functions of the alkali activator is to accelerate the dissolution of Si and Al component from GT and MK. It means the Si/Al ratio in the chemical reaction is adjusted by the dosage of alkali activator. As a result, an excessive sodium silicate addition would destroy the optimal Si/Al ratio, resulting in a decrease of compressive strength [42] . Figure 4c presents the influence of curing temperature on the compressive strength of GTGs-2 prepared with 35% sodium silicate addition after 3 days of curing. It is clear that the increase in curing temperature has a negative effect on strength. At ambient temperatures (20 and 40 • C), the compressive strength (above 45 MPa) is the highest for all the GT-based geopolymers of the study, indicating that the GTGs has the optimal mechanical property under normal temperature conditions. As the curing temperature increases, lots of pores are produced at a relatively high temperature, resulting in low density and compressive strength of the obtained geopolymers [43] .
X-Ray Diffraction Results
To investigate the mechanism of GT and MK on the formation of geopolymer, XRD patterns of samples with different MK content and curing time are shown in Figure 5 . The XRD patterns of GTGs-0 display peaks due to grossular, andradite, dolomite, calcite and quartz, and other crystalline phases such as almandine and boehmite are also detected. The grossular, andradite and almandine phases belong to the garnet phase. From the mineral phase analysis of GT and GTGs-0 shown in Figure 5a , we can see that the relative content of the mineral phase in GTGs-0 has changed greatly with the increase of curing time. The almandine phase belonged to garnet completely disappeared in GTGs-0 after curing for 3 days. Additionally, the diffraction peaks intensity of other garnet phase decreased significantly, indicating that the garnet phase could be dissolved in sodium silicate and participated in the geopolymerization process. After curing for 28 days, the garnet phase diffraction peak of GTGs-0 decreases slowly, while the intensity of the diffraction peak and content of the quartz phase decreases significantly, indicating that the alkali activator reacts with the quartz phase at this stage. Compared to the GTGs-0, the grossular and quartz crystalline phases intensity of GTGs-2 decrease obviously, indicating that better geopolymerization is induced due to the addition of MK, as shown in Figure 5b . In addition, compared to GTGs-1 and GTGs-3, the diffraction peaks number of the mineral phases (such as boehmite and anhydrite) of the GTGs-2 is significantly reduced. For GTGs-4, only a small peak attributed to quartz at 26 • is observed, indicating the good activity of MK components during the geopolymerization under a strongly alkaline environment. There are two reasons to support this point. First, combined with the SEM observation, the particles in the samples gradually decrease and the gelatinous substance in the amorphous structure gradually increases, which is consistent with the disappearance of the phase. Second, the compressive strength of GTGs-1, GTGs-2, GTGs-3 and GTGs-4 are much higher than that of GTGs-0, indicating the better geopolymerization process. Figure 5b illustrates the changes that occurred in the phases of GTGs-2 with different curing times. It obviously demonstrated that by increasing the curing times, the number and intensity of diffraction peaks increase. This may due to that at the initial curing stage, the mineral phase is surrounded by the dissolved silicon-aluminum component, so the participates in the polymerization process, which caused the consumption of active silicon-aluminum component encapsulated mineral phase [44] . Therefore, the intensity of the diffraction peaks increases reasonably. Figure 5 . The X-ray diffraction patterns of GTGs-0 after 3, 7, and 28 days of curing (a), GTGs-1, GTGs-2 and GTGs-3 for 3 days compared to the GTGs-0 and GTGs-4 (b), and GTGs-2 after 3, 7, and 28 days of curing (c), respectively.
Scanning Electron Microscopy (SEM)
The internal microstructure of GTGs-0 and GTGs-2 was identified by SEM images, as shown in Figure 6 . Figure 6a -c is the morphology of GTGs-0 cured at 3, 7 and 28 days, showing a typical microstructure of consolidated geopolymer materials. When curing at 3 days, it can be observed from Figure 6a that many particles with a size of about 2 to 5 μm are glued together to form an irregular gelatinous substance in the GT single-component sample. This relatively large size may be because of the undissolved crystalline phase components from the raw materials in the early stage of curing. With increasing curing time, the large-sized substrates originally present in the samples were combined to form a colloidal substance, then solidified into a random three-dimensional crosslinked structure, as shown in Figure 6b ,c.
After the addition of MK, the size of gel-like particles is much smaller than that of GTGs-0, indicating that the dissolution rate of the crystal component in raw materials improved greatly with the help of MK, as shown in Figure 6d -f. For 3 days, a large number of amorphous gelatinous substrates are formed in GTGs-2, which are closely packed together to form a dense structure without obvious cracks and holes. After 7 days of curing, some significant cracks appear in the structure. Furthermore, the dense structure formed in the sample is surrounded by a number of unreacted substrates and undissolved large-sized crystal particles in the sample after 28 days of curing. It is worth noting that the structure evolution observed above is consistent with the compressive strength changes of geopolymers prepared at different conditions. Figure 5 . The X-ray diffraction patterns of GTGs-0 after 3, 7, and 28 days of curing (a), GTGs-1, GTGs-2 and GTGs-3 for 3 days compared to the GTGs-0 and GTGs-4 (b), and GTGs-2 after 3, 7, and 28 days of curing (c), respectively.
The internal microstructure of GTGs-0 and GTGs-2 was identified by SEM images, as shown in Figure 6 . Figure 6a -c is the morphology of GTGs-0 cured at 3, 7 and 28 days, showing a typical microstructure of consolidated geopolymer materials. When curing at 3 days, it can be observed from Figure 6a that many particles with a size of about 2 to 5 µm are glued together to form an irregular gelatinous substance in the GT single-component sample. This relatively large size may be because of the undissolved crystalline phase components from the raw materials in the early stage of curing. With increasing curing time, the large-sized substrates originally present in the samples were combined to form a colloidal substance, then solidified into a random three-dimensional crosslinked structure, as shown in Figure 6b ,c.
After the addition of MK, the size of gel-like particles is much smaller than that of GTGs-0, indicating that the dissolution rate of the crystal component in raw materials improved greatly with the help of MK, as shown in Figure 6d -f. For 3 days, a large number of amorphous gelatinous substrates are formed in GTGs-2, which are closely packed together to form a dense structure without obvious cracks and holes. After 7 days of curing, some significant cracks appear in the structure. Furthermore, the dense structure formed in the sample is surrounded by a number of unreacted substrates and undissolved large-sized crystal particles in the sample after 28 days of curing. It is worth noting that the structure evolution observed above is consistent with the compressive strength changes of geopolymers prepared at different conditions. 
The FTIR Spectra of Sample
The FTIR spectrum of GTGs-2 was tested to investigate the combination formation of GT and MK in geopolymer gel. As a comparison, the spectra of GTGs-0 is also employed, as shown in Figure  7 . Briefly, the spectra of GTGs-0 show that the absorption peaks at 3450 and 1650 cm −1 correspond to the O-H group and H-O-H bending vibration peak in water molecules of the sample [45, 46] , while the vibration band at 1427 and 460 cm −1 is the O-Ca-O stretching and Si-O-Al out-of-plane vibration in the raw materials. The peaks at 1000 and 710 cm −1 correspond to the Si (Al)-O-Si and Al-O-Si stretching respectively, which are attributed to the asymmetrically stretched aluminosilicate of geopolymer products [31] . In-plane and out-of-plane vibration peaks of Si-O-Al existing at 460 and 550 cm −1 indicate that the Al composition is in the form of the [AlO6] octahedron. While the peak at 710 cm −1 confirms the existence of the [AlO4] tetrahedron, indicating that the Al component takes part in the geopolymerization process. Due to this, the Al component in garnet tailing is in the form of [AlO6] octahedron. In addition, during the curing process of GTGs-0, the characteristic peak intensity of the [AlO4] tetrahedron at 710 cm −1 is enhanced apparently with curing time increasing, further confirmed that GT can react with sodium silicate and not only act as a filler in the final geopolymers. During the geopolymerization process, the [AlO6] octahedron in the garnet tailing is destroyed during the reaction and transformed to the [AlO4] tetrahedron. After the addition of 20% MK, the peak intensity at 3450 and 1650 cm −1 decrease apparently, indicating that the amount of free water in the sample significantly decreases. Importantly, the peaks at 1427 and 460 cm −1 from the starting materials decrease apparently indicate the activated GT in GTGs-2 is more disordered than that in GTGs-0. Moreover, an increase in the strength of Al-O-Si vibrations at 1000 and 710 cm −1 suggests that the degree of polymerization increased in GTGs-2. 
The FTIR spectrum of GTGs-2 was tested to investigate the combination formation of GT and MK in geopolymer gel. As a comparison, the spectra of GTGs-0 is also employed, as shown in Figure 7 . Briefly, the spectra of GTGs-0 show that the absorption peaks at 3450 and 1650 cm −1 correspond to the O-H group and H-O-H bending vibration peak in water molecules of the sample [45, 46] 4 ] tetrahedron. After the addition of 20% MK, the peak intensity at 3450 and 1650 cm −1 decrease apparently, indicating that the amount of free water in the sample significantly decreases. Importantly, the peaks at 1427 and 460 cm −1 from the starting materials decrease apparently indicate the activated GT in GTGs-2 is more disordered than that in GTGs-0. Moreover, an increase in the strength of Al-O-Si vibrations at 1000 and 710 cm −1 suggests that the degree of polymerization increased in GTGs-2. 
Conclusions
In this study, geopolymer was successfully prepared using garnet tailing as a construction material with the addition of metakaolin. The analysis of the results from XRD, SEM and FTIR indicated the formation of amorphous geopolymers. The pure garnet tailings-based geopolymers exhibit a 15 MPa compressive strength, which is much higher than that of geopolymers based on pure vanadium tailing and fly ash. The dependence shown between compressive strength and metakaolin dosage suggested that a one-part geopolymer prepared by pure garnet tailings showed poor strength value, especially in the early stage. The addition of metakaolin played an important role in the improvement of compressive strength, and the geopolymer synthesized at 20% metakaolin addition displayed the highest compressive strength. Additionally, 30% sodium silicate addition was the optimal condition for the compressive strength. The influence of curing temperature on the compressive strength indicated that room temperatures (20 and 40 °C) favored compressive strength. After optimization, GTGs-2 prepared with 35% sodium silicate addition after 3 curing days at room temperature achieved the compressive strength (above 45 MPa). From the results of XRD, it was found that MK had a good activity during the geopolymerization and the calcium component in the GT participated in the polymerization process. From this work, it can be concluded that it is possible to apply garnet tailings to the preparation of geopolymers. 
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